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a b s t r a c t
Harmful environmental effects resulting from fertilizer use have spurred research into integrated nutrient
management strategies which can include the use of specific micro-organisms to enhance nutrient use
efficiency by plants. Some strains of plant growth-promoting rhizobacteria (PGPR) have been reported
to enhance nutrient uptake by plants, but no studies with PGPR have used 15N isotope techniques to
prove that the increased N in plant tissues came from the N applied as fertilizer. The current study was
conducted to demonstrate that a model PGPR system can enhance plant uptake of fertilizer N applied
to the soil using different rates of 15N-depleted ammonium sulfate. The experiments were conducted
in the greenhouse with tomato using a mixture of PGPR strains Bacillus amyloliquefaciens IN937a and
Bacillus pumilus T4. Results showed that PGPR together with reduced amounts of fertilizer promoted
tomato growth compared to fertilizer without PGPR. In addition, atom% 15N per gram of plant tissue
decreased as the amount of fertilizer increased, and PGPR inoculation resulted in a further decrease
of the atom% 15N values. The atom% 15N abundance in plants that received 80% fertilizer plus PGPR
was 0.1146, which was significantly lower than 0.1441 for plants that received 80% fertilizer without
PGPR and statistically equivalent to 0.1184 for plants that received 100% fertilizer without PGPR. The
results demonstrate that increased plant uptake of N applied in fertilizer could be achieved with PGPR
as indicated by the differences in 15N uptake. Strains of PGPR that lead to increased nutrient uptake by
plants should be evaluated further as components in integrated nutrient management systems.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction
Natural sources of nitrogen (N) such as precipitation and fixa-
tion by bacteria symbionts of legumes are not enough to maximize
crop productivity; thus, chemical fertilizers have been used for a
long period of time to increase N availability and plant uptake
(Frink et al., 1999). In recent years, the rate of N fertilizer appli-
cation has increased tremendously, a trend which is expected to
continue (Adesemoye and Kloepper, 2009). One major concern is
that large fractions of the applied N (often half or more) are lost
from agricultural systems as N2, trace gases, and nitrate leaching.
Thus, increasing N fertilizer use portends grave environmental con-
sequences that are usually long-term and are seen as significant
drivers of global change (Vitousek et al., 1997; Diaz and Rosenberg,
2008). These consequences include negative effects on microbial
diversity, species composition, and functioning of many terrestrial
and aquatic ecosystems (Vitousek et al., 1997). Nitrogen loading in
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the Mississippi River and the Gulf of Mexico is a practical exam-
ple (Turner and Rabalais, 1995). A recent review (Adesemoye and
Kloepper, 2009) detailed the impacts of excessive N use.
For agricultural production to keep pace with the growing global
population, the use of chemical fertilizers will continue. Therefore
to achieve sustainability, proper management techniques must be
designed and implemented against the pollution potential of fertil-
izers. Some states in the U.S. are implementing legislation targeted
at the reduction of agro-environmental pollution and protection of
groundwater quality (Sharpley et al., 2003). One possible solution
to this agro-environmental problem is integrated nutrient manage-
ment systems (Adesemoye et al., 2008) that supplement chemical
fertilizers with biofertilizers.
Among biofertilizers are plant growth-promoting rhizobacteria
(PGPR), which are free-living rhizosphere bacteria that promote
plant growth (Kloepper et al., 1989) by a variety of mechanisms
(Vessey, 2003; Glick et al., 2007). The specific mechanism involved
in PGPR-elicited enhanced nutrient uptake was recently proposed
by Adesemoye et al. (2009). It was proposed that PGPR promoted
the growth of the plant and increased the root surface area or
the general root architecture, better roots then released higher
amounts of C in root exudates, the increase prompted more micro-
bial activity and the cycle of events made more N available for
0929-1393/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
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plants’ uptake. The 2 PGPR strains B. amyloliquefaciens IN937a and
B. pumilus T4 (the same strain used in this study) were not N fix-
ers based tests with JNFb medium. The relation of plant growth
promotion by PGPR and plant nutrient uptake is still an ongo-
ing investigation. Hernandez and Chailloux (2004) and Adesemoye
et al. (2008) are two examples among some other studies, which
showed that PGPR-elicited plant growth promotion resulted in
enhanced N uptake by plant roots. In these studies, it was suggested
that the increase in plant N content might result from increased fer-
tilizer N utilization efficiency. If this suggestion were correct, then
PGPR should be useful in integrated nutrient management systems
(Adesemoye et al., 2008). However, the increased N content in plant
tissues could result from increased overall uptake of soil N without
changing the uptake of N applied in fertilizers. In order to confirm
or reject the hypothesis that PGPR can increase fertilizer use effi-
ciency, experiments are needed in which the N applied in fertilizer
can be traced in a way to determine its content in plant tissues.
Isotope tracer techniques have been used in studying the differ-
ent parts of the N cycle including estimating crop N uptake from
inorganic fertilizers (Hauck and Bremner, 1976; Saoud et al., 1992;
Torbert et al., 1992; Hood et al., 1999; Bronson et al., 2000). An
underlying basis of using isotopic techniques for monitoring plant
uptake of N is that the chemical identities of the isotopes 15N and
14N are maintained in the plant, and plants cannot differentiate
between them (Hauck et al., 1994). Isotopes 15N and 14N can be
differentiated with exchange or distillation columns (Hauck et al.,
1994; Mulvaney et al., 1997). The objective of this study was to
use 15N isotope techniques to test the hypothesis that PGPR will
enhance plant uptake of N from 15N-labeled fertilizer.
2. Materials and methods
2.1. Bacterial inoculation, test plant, and growth conditions
The experimental model system used for this study was tomato
(Solanum lycopersicum) cultivar Juliet (Park Seed, Greenwood, SC)
grown in pots containing a 1:3 mixture of field:sand soil. The
sand soil was builders’ sand obtained for general use in the green-
house. This soil mixture was analyzed for nutrient content using
Mehlich 1 (double acid) extraction method (Mehlich, 1953). For
the analysis, 5 g of sieved air-dried soil was added to a 150 ml
extraction flask, followed by 25 ml of Mehlich 1 extracting solu-
tion (0.05 M H2SO4 + 0.05 M HCl) and then shaken for 5 min on a
reciprocating shaker (Barnstead/Thermolyne, Dubuque, IO) at 180
oscillations per min. It was centrifuged, filtered through What-
man no. 2 filter paper, and analyzed using inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) (Varian, Victoria,
Australia). Further details on this method can be seen in Adesemoye
et al. (2008). The soil mixture consisted of 0.19% C, 0% N (value
of N was below the detectable limit of equipment), 7.3 g g−1 P,
8.8 g g−1 K, 15.4 g g−1 Ca and 3.2 g g−1 Mg. Inoculants included
two plant growth-promoting rhizobacteria (PGPR) strains, Bacil-
lus amyloliquefaciens IN937a and Bacillus pumilus T4, which were
used as a mixture. The PGPR strains were obtained from the culture
collection of the Department of Entomology and Plant Pathology,
Auburn University, Auburn, AL, USA and used as spore preparations.
The spore suspensions of the two PGPR strains were diluted and the
concentration was adjusted to log 5 cfu/ml and used for inoculation.
The pots used in this study were 10-cm diameter with a volume
capacity of 754.4 ml. WeedEX landscaping cloth (Dalen Products
Inc., Knoxville, TN) was placed in each pot to prevent soil from
washing out through the holes under the pots, especially during
watering. The pots were filled with the mixed soil and one seed
per pot was planted. At planting, the soil inside the pot was dug up
slightly, one seed was put into the hole, and 1 ml of the bacterial
suspension was applied onto the seed before covering with soil. A
follow-up drench inoculation was done at 1 week after planting
by applying 1 ml of PGPR onto every pot around the base of each
germinating plant.
2.2. Fertilizer solution of 15N
We prepared a hydroponic solution with slight modifica-
tions of Hoagland solution (Maynard and Hochmuth, 2007) to
produce an N-free solution (Hershley, 1994). The constituents
of the fertilizer solution were 10 ml of 0.05 M monocalcium
phosphate (Ca[HPO4]2), 20 ml of 0.1 M calcium sulfate dihydrate
(CaSO4·2H2O), 5 ml of 0.5 M potassium sulfate (K2SO4), 2 ml of 1 M
magnesium sulfate heptahydrate (MgSO4·7H2O), 2 ml of Fe-EDTA,
and 1 ml of micronutrient stock. All Chemicals listed above were
obtained from Sigma–Aldrich, St. Louis, MO, USA. One liter of 100%
N solution was prepared by using 1 M of 15N-depleted ammonium
sulfate (15NH4)2SO4 (ISOTECTM, Miamisburg, OH) as the only N
source. The amount of 15N was varied by changing the volume of
15(NH4)2SO4 as detailed below. The background atom% 15N abun-
dance in the 15(NH4)2SO4 was 0.01%.
2.3. Experimental design
The studies were conducted in the greenhouse at the Plant
Science Research Center, Auburn University, Alabama, where tem-
perature was maintained at 21–25 ◦C. The experiment was a 2 × 3
factorial in a randomized complete block (RCB). The factor 2 was
with or without PGPR inoculation while the factor 3 was three
rates of fertilizer solution containing −210, 168, 157.5 mg L−1 N in
water (i.e., ppm N) and was labeled as 100, 80, and 75% N rates,
respectively. Each fertilizer treatment had 10 replicates. The six
treatments (i.e., 2 × 3 factorial) reported here were chosen based
on experience after a series of assays with 14N and 15N testing dif-
ferent N rates from 50 to 100% with or without PGPR. The 100% N
contained 210 mg L−1 N, from which other percentages were calcu-
lated, as previously explained (Adesemoye et al., 2009). Preliminary
findings on 15N was similar to those shown for 14N in that rates
of 70% or lower did not show consistent results (Adesemoye et
al., 2009); thus, the reason for using 75% or greater rates in this
study. The amount of N in solution was varied by changing only
the content of (15NH4)2SO4. In the study, 25 ml of nutrient solu-
tion was applied per pot twice per week for each treatment during
the period of plant growth. Each pot was watered twice daily with
25 ml of water, except that watering was skipped on the days that
fertilizer solution was applied. The volume (25 ml) was chosen for
the hydroponic solution and water after trying different volumes
with the intent of avoiding leaching. The plants were allowed to
grow for 4 weeks before destructive sampling.
2.4. Plant sample preparation and isotope analysis
Plants were removed carefully from pots, roots were washed in
slow-running water (to remove adhering soil), laid on paper towels
to drain, blotted, and fresh weights were recorded. Samples were
dried at 70 ◦C for 7 days, dry weights were recorded and whole
plants (root and shoot) were prepared for nutrient analysis. Sam-
ples were analyzed for total N and 15N contents with the help of
Dr. Richard Mulvaney at the Department of Natural Resources and
Environmental Sciences, University of Illinois, Urbana-Champaign.
Estimating the impact of 15N uptake correctly requires that a por-
tion of the tracer be recovered in a chemically defined state. The
samples were digested according to standard protocols (Mulvaney,
1993; Bremner, 1996), and diffusion of digest was done using
the Mason-Jar diffusion method (Mulvaney et al., 1997). An auto-
mated Rittenberg apparatus-mass spectrometer (ARA-MS) which
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utilizes the Rittenberg techniques for N isotope analysis was used
(Mulvaney and Liu, 1991).
2.5. Calculation of 15N uptake and statistical analysis
The amount of 15N material to apply based on the atom%
abundance of the (15NH4)2SO4, 15N recovery, and differences in
15N uptake were calculated using standard methods (Hauck and
Bremner, 1976; Cabrera and Kissel, 1989; Zhou et al., 1998; Bronson
et al., 2000; Wanek and Arndt, 2002). Analyses were done with
the Statistical Analysis System 9.1 (SAS Institute, Cary, NC). Data
were analyzed using GLM procedure, and Fisher’s protected LSD
was used to separate treatment differences after testing the nor-
mal distribution assumption. The Glimmix procedure was used to
plot diffograms (mean–mean scatter plot) and to evaluate treat-
ment effects and their interactions (Littell et al., 2006). Statistical
significance was considered at ˛ = 0.05 unless otherwise stated.
3. Results
3.1. Total nitrogen in tomato tissues
It was observed that the amount of N in whole plant tissues in
the 100% N treatment was significantly greater than the 80% N treat-
Fig. 1. Diffogram (mean–mean scatter plot) comparing treatment effects on total amount of N in whole plant tissues: (A) is fertilizer effect; (B) is bacterial inoculation effect;
and (C) is interaction effect of fertilizer and bacterial inoculation. All (%) reflected percentage of N content; F is fertilizer without PGPR; and FP is fertilizer with PGPR mixture.
The 45◦ reference line indicates whether two least-square means are different at 0.05 significant levels. The thick lines drawn at the intersection of grid lines corresponds to
(1 − ˛) × 100% confidence interval of the difference of the two least-square means in each comparison. Any thick line that crosses the 45◦ reference line implies no significant
difference for that comparison.
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Fig. 2. Atom% 15N per gram of whole tomato tissues. All (%) reflected percentage of N
content; 75% F is 75% level of fertilizer without PGPR; 75% FP is 75% level of fertilizer
with the PGPR mixture; and similar explanation for 80 and 100%. The 100% fertilizer
contained 210 mg L−1 N, from which other percentages were calculated. Standard
errors (at p = 0.1) are shown as whisker hairs on graphs. The fertilizer material used
was depleted in 15N isotope with a content of 0.01%.
ment which was in turn greater than the 75% treatment (Fig. 1A).
The PGPR-inoculated plants contained significantly more N in their
whole tissues than the non-inoculated (Fig. 1B). There was a signifi-
cant interaction effect between PGPR treatment and fertilizer level.
The addition of PGPR to each N fertilizer level produced plants with
greater biomass containing more total N than treatments without
PGPR inoculation (Fig. 1C). Interestingly, the total amount of N in
plants that received 75% N rate with PGPR was not significantly dif-
ferent from plants that received 100% N without PGPR, as shown
in the comparison in Fig. 1C. Ten (i.e., those lines that did not cross
the diagonal) of the 15 comparisons were significantly different
(Fig. 1C).
3.2. Effect of plant growth-promoting rhizobacteria on changes in
15N
Generally, the amount of 15N per gram of tissue decreased as
the amount of applied total N taken up increased. However, the
total amount per plant increased with PGPR inoculation owing to
increase in dry biomass. Inoculation with PGPR led to a further
decrease in atom% 15N per gram and higher changes in 15N com-
pared to a corresponding non-PGPR treated (Fig. 2). Specifically, the
atom% 15N per gram in plants that received 80% N rate plus PGPR
was 0.1146, which was significantly (˛ = 0.1) lower than 0.1441 for
plants that received 80% N rate without PGPR, and equivalent to
0.1184 for plants that received full N (100%) without PGPR (Fig. 2).
Based on total amount of 15N contained in whole plant tissues, there
was no significant difference between plants that received 100% N
without PGPR treatment and those that received 75 or 80% N plus
PGPR treatments. However, plants that received 100% N plus PGPR
contained significantly more 15N than those with 100% N without
PGPR (Fig. 3).
4. Discussion and conclusion
The overall results presented here support our hypothesis that
treatment with PGPR can increase plant uptake of N from fertilizer.
Specifically, the mixture of PGPR strains Bacillus amyloliquefaciens
strain IN937a and B. pumilus strain T4 caused a significant increase
in uptake of N in tomato as indicated by the differences in 15N and
total N (Figs. 1–3). Using 15N-depleted fertilizer, it became clear that
the source of N taken up by the plant was the applied N fertilizer
and not simply ‘residual’ soil N. The concentration of 15N per gram
of plant tissue decreased as applied 15N fertilizer level increased,
Fig. 3. Total amount of 15N contained in whole tomato tissues. All (%) reflected
percentage of N content, F is fertilizer only; NoPGPR is fertilizer without PGPR; and
PlusPGPR is fertilizer with PGPR mixture. Standard errors are shown as whisker hairs
on graphs. The 100% fertilizer contained 210 mg L−1 N, from which other percentages
were calculated.
indicating better plant uptake of the applied 15N. As more of the
labeled N entered the plants, the concentration of 15N in plant
tissues shifted toward the 0.01 atom% 15N abundance contained
in the applied 15N-labeled fertilizer ([15NH4]2SO4) and away from
the 0.3363 atom% 15N natural abundance. With PGPR inoculation,
the concentration of 15N further decreased (Fig. 2). This tracking of
movement of N from the applied fertilizer into plant tissue agrees
with other studies where 15N-depleted fertilizer was reported to
be a reliable tool to trace the movement of N (Hauck and Bremner,
1976; Ditsch et al., 1992). Ditsch et al. (1992) used 15N-depleted
ammonium sulfate ([15NH4]2SO4) in a corn-winter rye crop rota-
tion and reported a decrease in atom% 15N concentrations in rye
tissue as N rate increased from zero to 336 kg N ha−1.
Based on the current 15N study and a previous study with 14N
(Adesemoye et al., 2009), it appears that the 75% rate was a thresh-
old below which the PGPR-fertilizer interaction could not produce
consistent nutrient uptake comparable to non-inoculated full fer-
tilizer rates. It should be noted that in this study that the 100%
fertilizer contained 210 mg L−1 N based on the recommendations
for tomato in the southeast U.S., and other percentages were calcu-
lated from this. This result also agrees with the work of Hernandez
and Chailloux (2004) and Dell and Rice (2005). While selected
biofertilizers can improve the use efficiency of chemical fertilizers
by plants, thereby allowing reduced rates of fertilizers; it is unlikely
that fertilizer use can be reduced beyond 75% of recommended
inorganic fertilizer rates.
In the literature on fertilizer uptake, there is an ongoing discus-
sion about the best methods for estimating fertilizer use efficiency
in plants. One common method is the “difference method” which
calculates the difference in N uptake between fertilized and non-
fertilized treatments. While the difference method provides useful
data, studies with fertilizer materials depleted or enriched in iso-
tope 15N offer more precision. This is because the “difference
method” may be obfuscated by stimulation of N mineralization in
the presence of fertilizer (i.e., added N interaction, ANI, or priming
effect) (Ditsch et al., 1992; Bronson et al., 2000). Changes in plant
tissues can be accurately detected with 15N isotope, although it
should be emphasized that the accuracy is not achieved just by the
use of 15N but is directly related to how precisely are calculated the
amount of labeled material added to the experimental system and
the relative deviation or difference from the natural atmospheric
ratio of 15N:14N (Edwards and Hauck, 1974; Cabrera and Kissel,
1989; Yoneyama et al., 2001).
In conclusion, PGPR have the potential to enhance fertilizer use
efficiency which should have applications in regulating landscape-
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scale nitrogen fluxes in the future. The benefits of this finding can
be viewed from two perspectives (Adesemoye and Kloepper, 2009).
First, PGPR-elicited enhanced uptake of N could lead to less use of
fertilizer while still maintaining the expected high crop productiv-
ity. Second, use of PGPR could help reduce leaching of N during the
growing season and reduce residual N in soils after harvest. This
assertion can be explained from this standard equation: Soil N (i.e.,
‘residual soil N’) = initial soil N + fertilizer N–N uptake by plants. It
follows that if an integrated system can be developed where fertil-
izer N and N uptake by plants can be almost equal; then, ‘residual
soil N’ will be approximately equal to initial soil N. Therefore, in
this scenario, almost no N would be left in the soil to pollute terres-
trial and aquatic ecosystems. PGPR and other biofertilizers should
be further evaluated as components of integrated nutrient man-
agement systems.
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